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Abstract 
Creating highly monodisperse emulsions of high viscosity fluids has long been a challenging task. Even with 
the advent of micro-engineered emulsification systems such as membranes and microchannels obtaining a 
good degree of uniformity is hampered as these systems are very prone to jetting. We present a method of 
increasing the range at which uniform droplets can be produced by the use of droplet initiated jet rupture. In 
this method, a third, low viscosity inner phase, is introduced in the dispersed phase forcing the dispersed 
phase to form a shell around each drop and effectively reverts the system from jetting to dripping. 
Formulations are chosen so that the resulting core-shell droplets are unstable and soon rupture to form highly 
monodisperse emulsions. The rate of internal droplet production is found to be the governing parameter in 
the system and must be below a critical frequency. This frequency is found to be well predicted by Plateau–
Rayleigh instability theory of jet rupture, where the perturbations caused by internal drops are at a 
wavelength larger than the circumference of the would-be jet. This method is easy to implement in 
conventional microfluidic designs and equipment and greatly facilitates the ability to produce very uniform 
emulsions of high viscosity 
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1. Introduction 
 
   Monodisperse emulsions and droplets have 
found uses in many fields such as in coatings, 
pharmaceuticals and more recently in lab-on-
chip type devices. By far the most common 
method to produce monodisperse emulsions of 
high uniformity is by the use of micro-
engineered devices such as membranes and 
microchannel systems (Vladisavljević et al., 
2012). When creating droplets of high 
uniformity from such micro engineered 
devices, in almost all cases, they rely on a 
dripping flow regime (Abate et al., 2011; 
Nunes et al., 2013). This is where droplets are 
created “drop by drop” at either a nozzle or 
membrane pore. The extremely consistent and 
non-chaotic flow conditions involved result in 
uniform drops. However, if the same devices 
are used at elevated flow rates, or the 
viscosities of the fluids increased, jetting 
occurs. Jetting is characterized by a fluid jet 
emerging from a nozzle or pore which ruptures 
downstream to from drops and results in 
increasing polydispersity. When dealing with 
fluids of very high viscosities or low 
interfacial tensions, jetting becomes 
unavoidable at any appreciable flow rate and 
reducing its effect on monodispersity has been 
the subject of various studies. Systems have 
been employed (Huang et al., 2010; Sauret and 
Cheung Shum, 2012; Sauret and Shum, 2012; 
Song and Shum, 2012) such as feed pressure 
pulsation, vibrating nozzles and electric fields 
to reduce the onset of jetting in problematic 
systems (Cv: 3% to 10%), but all require 
substantial amounts of additional apparatus. 
   In this work we consider a different route 
to forcing a would-be jetting system into a 
dripping regime by the use of droplet initiated 
rupture. We show that if internal droplets are 
introduced into a jet, at frequencies bellow a 
critical value, it will force the system into a 
dripping mode, creating monodisperse core-
shell type droplets. These core-shell droplets 
can be formulated to be highly unstable and 
thus rupture to create a highly uniform single 
emulsion. This technique is shown to be 
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extremely advantageous in the production of 
highly viscous emulsions where dripping is 
hard to achieve through conventional methods. 
This is based on work set out in (Josephides 
and Sajjadi, 2014)  
 
1.1 Theory 
   The point at which a microfluidic device 
transitions from dripping to jetting has been 
the subject of many works and studies, and 
although no definitive equation exists to fully 
predict this point, it is generally understood to 
be a consequence of elevated continuous and 
dispersed capillary numbers (Cac, Cad), where 
they reach a value of order unity (Nunes et al., 
2013). In a simple two-phase flow focused 
system, capillary numbers of the continuous 
and dispersed phase are defined as follows; 
Cac = μcUc/γ and  Cad = μdUd/γ  (where μ is 
the dynamic viscosity, U the velocity, γ the 
interfacial tension and subscripts c and d 
denoting continuous and dispersed phases, 
respectively). As the capillary number and 
viscosity of a system are directly proportional 
one can therefore see how such a system is 
sensitive to high viscosity fluids. If a high 
viscosity system is to be run at an appreciable 
flow rate, the resulting jet would have to be 
ruptured in a uniform and regular fashion to 
create a final emulsion of high monodispersity. 
 
 
Fig.1. Rayleigh-Plateau instability on a jet 
 
   The most common phenomenon related to 
jet breakup is Rayleigh-Plateau instability 
(Fig.1.). This occurs because a jet is inherently 
unstable as the interfacial area between the jet 
and continuous phase is greater than that if the 
system existed as a spherical droplet 
(Rayleigh, 1878). When a jet ruptures due to 
Rayleigh-Plateau instability, capillary waves 
appear on the interface due to perturbations or 
noise in the system. These waves either decay 
or are amplified and propagate through the jet 
depending on their wavelength. Smaller 
wavelengths than λ = πDjet decay and larger 
ones propagate through the jet and lead to 
rupture (where Djet is the diameter of the jet 
and λ is the wavelength) (Eggers, 1997). This 
is due to the relative difference between 
Laplace pressure at the peaks and troughs of 
capillary waves formed on jets at different 
wave lengths. This phenomenon is often 
exploited when attempting to rupture jets to 
desired droplet sizes by forcing a desired 
wavelength by use of vibration. 
   Forcing drop formation of a middle phase 
around an inner core drop has been observed 
in works concerning core-shell droplet 
production where the rate at which core 
droplets are created override the middle phase 
production rate (Shah et al., 2008; Shum et al., 
2010), such works however have only 
concerned low viscosity fluids. 
  The principle behind the work expressed in 
this paper is to use an internal droplet feed at a 
constant wavelength to induce regular 
rupturing of a high viscosity jet thus creating 
uniform droplets at appreciable flow rates. 
 
1.2 Experimental 
 
 
 
Fig.2. Schematic of the microfluidic device being 
used. The blue fluid represents the inner (i) and 
outer (o) phases, and the red fluid the middle (m) 
phase. Core shell drops are created which later 
destabilize downstream to create uniform single 
emulsions. 
 
   A glass capillary microfluidic device was 
used to conduct the experiments. Two 
cylindrical glass capillaries (1 mm OD) were 
pulled (Sutter P-1000) to fine tapered ends and 
their tapered ends cut to desired sizes (50 µm 
and 96 µm ID). These where then introduced 
and glued into opposite ends of a square cross-
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sectional (1 mm x 1 mm) capillary tube, where 
the larger capillary became the so-called 
collector capillary and the smaller capillary the 
fluid port for the inner phase. Middle and outer 
phase fluids were introduced into opposite 
ends of the square capillary as illustrated in 
Fig.2. This is a common microfluidic set up 
for the creation of core-shell droplets [1]. 
   The system was pumped via two syringe 
pumps (Harvard apparatus Pump 11 elite). the 
first pump controlled the flow rates of the 
outer and middle phases fixed to a constant 
ratio of 5:1 by the use of dissimilar syringes (1 
ml and 5 ml Hamilton Air-tight), and the 
second pump independently controlled the 
flow rate of the inner phase. The resulting 
droplet production was observed under 
microscope (Zeiss Axiomat) and high-speed 
camera camera (Vision Research Phantom 
V7.1) where size and uniformity data was 
acquired.The inner phase consisted of pure 
water, the middle phase consisted of 100 cSt 
silicone oil (Dow corning 200 fluid), and the 
outer phase consisted of 90 % w/w glycerol 
(technical grade, Sigma-Aldrich) and 0.5 % 
w/w sodiumdodecylsulphate in water. The 
dynamic viscosities of these three fluids are 
0.95 mPa∙s, 106 mPa∙s and 193 mPa∙s 
respectively. Interfacial tensions between pure 
water and silicone oil, and aqueous solution of 
SDS and silicone oil are 40 and 4 mN/m, 
respectively. Experiments were carried out by 
varying two parameters: the middle flow rate 
was varied between 20 µl/hr to 2000 µl/hr 
(outer flow rate 100 µl/hr to 10000 µl/hr); and 
the inner flow rate between 0 µl/hr to 1000 
µl/hr. 
 
2 Results and Discussion 
 
   With the inner flow rate (Qi) set to 0 µl/hr, 
the device behaved as a normal 2-phase flow 
focusing microfluidic cell for single emulsion 
production and at no flow rate was it possible 
to produce a stable dripping mode. 
   When the Qi was set above 0 µl/hr the 
device behaved as a 3-phase system for core-
shell droplet production (co-flow, flow-
focused). Core-shell droplets were created at 
middle phase flow rates (Qm) of between 100 
 
 
Fig.3. Uniformity and size of final emulsion 
produced. With no internal droplet feed (+) the 
system was always in the jetting regime and 
suffered from a decrease in uniformity whereas 
with the addition of a droplet feed uniformity is 
increased. Data for where the jet was not 
successfully ruptured is not shown on graphs 
 
to 200 µl/hr and Qi of between 100 to 200 
µl/hr. 
  At higher values of Qm the system moved 
into the jetting regime where resulting inner 
droplets did not rupture the jet and instead 
large oil drops were formed downstream 
containing many uniform drops of water. The 
final emulsions obtained when the device was 
producing core-shell droplets were highly 
uniform and consisted of a high viscosity 
continuous and dispersed phase (Fig.3, and 
Fig4).    
 
2.1 Critical frequency 
 
At higher values of Qi the device no longer 
produced uniform droplets but instead the 
internal droplets were unable to rupture the jet. 
To understand and predict under what regimes 
the device will work we must consider the rate 
of internal droplet production.  
 If we assume the critical wave length of jet 
perturbation (minimum wavelength to rupture  
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Fig.4. A and D show the device behaving in a 
standard 2-phase configuration (Qm = 200 µl/hr, 
Qi = 0) and the resulting emulsion. Due to the 
unavoidable jetting in the system the droplets are 
relatively non-uniform and large. B, C, and E show 
the device behaving in a 3-phase configuration 
(Qm = 200 µl/hr, Qi = 200 µl/hr). B shows rupture 
of the jet to create core-shell drops, C shows the 
subsequent rupture into single drops, and E the 
final emulsion. Due to the regular nature of jet 
rupture the resulting emulsion is highly uniform 
and relatively smaller. 
 
a jet, see Fig.1) to be λcrit = πDjet, and the jet 
diameter at orifice of the collection capillary 
tube to be: 
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(where Acc is the area of the collection tube 
orifice), we can calculate the minimum 
wavelength at which the jet needs to be 
perturbed to lead to rupture (Djet calculation 
assumes a fully developed plug flow as fluids 
enter the orifice). 
  The dripping action of the inner phase in 
this system acts as the perturbation on the jet 
with λi = vm / fi  (where λi is the distance 
between each internal drop, fi the frequency at 
which internal drops are produced, and vm the  
 
 
 
Fig.5. Graph showing the size of internal droplets 
at various flow rates. At all measured flow rates 
the internal droplets where highly uniform and 
dripping from the nozzle. The micrographs show 
two examples of a jets not being ruptured by 
internal droplets. The top picture (Qm = 400 µl/hr, 
Qi = 100 µl/hr) is just in the transition zone     
and the bottom picture is well within the jetting 
regime (Qm = 200 µl/hr, Qi = 1000 µl/hr). 
 
 
  
 
Fig.6. Measured internal droplet wavelength at 
various flow rates. The two solid lines show 
theoretical critical wavelengths for Qi = 100 µl/hr, 
and Qi = 1000 µl/hr calculated based on Eqn. 1. 
Data points above the theoretical lines predict 
when jet rupture shall occur and points below 
when jet rupture will not occur.  
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velocity of the middle jet) we can predict 
whether the perturbations caused by the inner 
phase will lead to jet rupture. We can calculate 
the frequency of internal phase drop 
production of the experimental data as 
fi = Qi / V (where V is the volume of each 
internal drop). Comparing the measured λi to 
λcrit for all measured flow rates we can see that  
λi > λcrit  is true only for the lower flow rates 
(Fig.6). The area of the graph that shows 
values below λcrit predicts the regions at which 
jetting occurred in experiments. 
  The actual onset of jetting (Fig.3) is well 
predicted by the Rayleigh-Plateau model 
(Fig.6) however it can be see that the model 
slightly over predicts flow rates at which 
jetting occurs. We attribute this inaccuracy to 
the geometry of the collector capillary. As the 
collector capillary instantly widens 
downstream from the orifice this has the effect 
of reducing the velocity of all fluids and 
widening the middle phase jet. This hampers 
jet rupture by two mechanisms, firstly the 
decrease in velocity results in a decrease of λi 
the further downstream one goes, and the 
widening middle phase jet results in an 
increase of λcrit; both of which can be observed 
in the micrograph shown in Fig.5. As jet 
rupture via Rayleigh-Plateau instability is a 
dynamic process consisting of associated time 
constants, if the system changes from λi > λcrit 
to λi < λcrit before jet rupture occurs, the jet 
will stabilize and not be ruptured.  
 
2.2 Increasing the rupture regime   
 
   In the above experiments only one fixed 
geometry and phase ratio was used but the 
results suggest that it is possible to create 
uniform viscous emulsions at greater flow 
rates. One possible method would be to 
decrease the frequency at which internal 
droplets are produced. The easiest method to 
do this would be to simply increase the nozzle 
diameter of the inner capillary tube so as to 
increase the internal droplet size for a given 
flow rate. 
  Another method would be to decrease the 
jet diameter for a given value of Qm. This 
could either be done geometrically (decreasing 
the collection tube orifice) or by simply 
decreasing the phase ratio of the system (Qi 
/Qm). Further experiments were conducted to 
identify the onset of jetting in a system of the 
same geometry but a phase ratio = 0.1 at 
various viscosity ratios. Three dispersed 
viscosities were chosen (mixtures of silicone 
oils) of 5.5, 50 and 430 mPa.s so that the final 
emulsion had viscosity ratios of 0.1, 1, 8.5 
respectively. It was found that highly uniform 
emulsions could be created at Qi = 500, 400, 
and 175 µl/hr respectively. This is a great 
improvement on the 2-phase system. 
 
3 Conclusions 
   Creating highly uniform viscous emulsions 
is known to be a problematic task even with 
the use of standard modern microfluidic 
techniques due to an early onset of jetting. We 
show that by the use of a third internal 
dripping phase we can dramatically increase 
the flow rates at which highly uniform single 
emulsions can be created. The internal 
dripping phase must be miscible and of a 
lower viscosity than the continuous phase. It is 
shown that highly uniform single viscous 
emulsions of various viscosity ratios are 
obtainable.  
   The mechanism behind this technique is 
the creation of unstable core-shell droplets by 
uniform jet rupture due to Rayleigh-Plateau 
instability. It is shown that the frequency of 
internal droplet production is critical to 
whether the jet will be ruptured and it is found 
that the perturbation wavelength generated by 
the internal feed must be greater than the 
circumference of the would-be jet. 
   The system is very easy to implement in 
most microfluidic systems without the need for 
additional equipment (ie. No vibrating stages 
or pulse feed systems) as it uses the same 
geometry used in standard core-shell drop 
production methods. The method offers a 
stable flow regime to produce high viscosity 
emulsions at appreciable flow rates. 
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